Although the important clinical manifestations of cystinuria may be attributed to diminished renal tubular reabsorption of filtered cystine, the basic amino acids, lysine, arginine, and ornithine, are also excreted in urine in greatly increased quantities (1) (2) (3) . The high renal clearance of these amino acids is generally believed to be related to a genetically determined defect of a specific tubular reabsorptive system that combines with and reabsorbs these amino acids from tubular fluid ( 1, (4) (5) (6) . In addition to the widely recognized abnormality of renal amino acid transport, Milne, Asatoor, Edwards, and Loughridge (7) have suggested that patients with cystinuria may also have a similar defect involving the mucosa of the small intestine. This possibility has been supported not only by the finding of free lysine, ornithine (7) , and arginine (8) and certain of their metabolic by-products in the feces of such patients after the oral administration of these amino acids, but also by the observation that a given dose of L-arginine produces a smaller rise of plasma arginine in cystinuric subjects than in normal controls. In an attempt to evaluate more directly the possibility of an intestinal amino acid transport defect in patients with cystinuria, small intestinal mucosal biopsies from both cystinuric and noncystinuric human subj ects have been incubated with a variety of labeled free amino acids. Although the results do not define the precise mechanism responsible for mucosal amino acid accumulation, * Submitted for publication January 13, 1964 ; accepted March 19, 1964. Supported in part by grants AM-03255 and A-5093 from the National Institute of Arthritis and Metabolic Diseases and HTS-5369 from the National Heart Institute, Bethesda, Md. they do demonstrate clearly that cystinuric patients have a defect in the intestinal uptake of S35-L-CYStine, C14-L-arginine, C14-L-lysine, and C14-DL-ornithine.
Methods
Mucosal biopsies were obtained from the duodenum of two patients with cystinuria and four noncystinuric hospitalized patients with chronic disorders, and from seven healthy medical students, six males and one female (see appendix for clinical summaries). The cystinuric patients were each hospitalized 1 on four separate occasions and were studied over a period of 4 months. The remaining patients and normal subj ects were evaluated once over the same time period.
Peroral intestinal biopsy and in vitro incubation. All mucosal biopsy specimens were obtained in the morning with the subj ects in the postabsorptive state. A hvdraulically operated multiple intestinal biopsy tube (9) was inserted under fluoroscopic control until its tip was just proximal to the ligament of Treitz. A roentgenogram was made just before obtaining the first biopsy and upon completion of the last biopsy. Although the position of the tube was altered slightly after each biopsy, all specimens were obtained from the distal part of the third or fourth portion of the duodenum. In most instances, 4 to 12 successive biopsies were obtained from each patient during a single study. The fourth study period of patient J. M. was ternminated after his fifth biopsy because of persistent bleeding, which ceased spontaneously within 24 hours. No other complications of the biopsy procedure were observed. At least one biopsy specimen obtained from the cystinuric and control subjects was examined histologically and under the dissecting microscope; all appeared normal. A total of 106 duodenal mucosal specimens was used during the course of these experiments: 39 from the cystinuric patients, 8 from the noncystinuric hospitalized patients, and 59 from the medical students.
All biopsies were flushed through the biopsy tube with 0.15 M NaCl and delivered into a beaker containing cold (2 to 30 C), 0.15 M NaCl within seconds of its being cut from the intestinal mucosa. As each biopsy was obtained, it was blotted on filter paper and immediately placed in a 25-ml Erlenmeyer flask containing 1 I %/10 mg WWt = [cpm/10 mg wet weight tissue (WWt)/cpm/ml incubating fluid] X 100. § With the exception of C14-DL-leucine, the large differences in variation between the two groups preclude the meaningful use of the standard t test. Therefore, p values were computed by the approximate solution to the Behrens-Fisher problem (11) .
previously oxygenated calcium-free Krebs-Ringer phosphate buffer (pH 7.4), and the appropriate C"-or Ss6-labeled amino acid, final concentration 10' M, 40,000 to 400,000 cpm. The flasks were stoppered, and incubation was effected in a shaking water bath at 370 C for 30 minutes. This incubation time was selected because preliminary experiments indicated that the mucosal uptake of C"-L-arginine (10-' M) tended to plateau after a 20-to 30-minute period of incubation in both normal and cystinuric subjects. The time interval between the procurement of the biopsy and the onset of incubation averaged approximately 2 minutes. The labeled amino acids used included uniformly labeled C14-L-arginine and C"-L-lysine,2 C'-DL-ornithine-5,2 C"-DL-leucine-1,2 C'-Lphenylalanine-1,9 and SUS-L-cystine.3 Corresponding unlabeled L-amino acids were used: L-cystine and L-arginine,4 L-lysine and L-ornithine,5 and L-leucine and L-phenylalanine. 6 Preparation of tissue and measurement of radioactivity. Immediately after completion of incubation, the tissue was removed from each flask, washed briefly in KrebsRinger phosphate buffer containing the appropriate unlabeled L-amino acid, 10' M, blotted on filter paper, and then weighed on a torsion balance.7 The tissue (wet weight, 5 to 20 mg per reaction vessel) was then placed in a ground glass homogenizer containing 1 ml of 0.15 M NaCl. After thorough homogenization, the contents of each flask were quantitatively transferred to a test tube, and the protein was precipitated by the addition of 0.1 ml of 50%o trichloroacetic acid (TCA). After a 10-2 New England Nuclear Corp., Boston, Mass.
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minute period of centrifugation at 20,000 rpm, 0.5 ml of the supernatant fluid was transferred to a standard 20-ml counting vial. In each instance, 0.1 ml of the final corresponding incubating fluid was transferred to a counting vial. In selected experiments, the TCA precipitate was dissolved in NaOH, and appropriate samples were subsequently counted. The scintillation mixture added to each counting vial consisted of 10 ml of a solution containing 7.5 ml p-dioxane, 1.25 ml anisole, 1.25 ml dimethoxyethane, 60 mg 2,5-diphenyloxazole, and 1.5 mg 1,4-bis-2-(5-phenyloxazolyl)benzene. Radioactivity was measured with a Packard Tri-Carb liquid scintillation spectrometer. The presence of self-quenching of the two samples was determined by the addition of appropriate amounts of C"' or S' radioactivity to the supernatant and incubating fluids. Self-quenching amounted to between 11 and 37% for the supernatant sample and was negligible (±|2%) when incubating fluid was used. An internal standard was added after the supernatant fluid was counted and correction made for internal quenching.
Calculations of results. Because of the wide variability in mucosal wet weight, all data have been expressed either in terms of the percentage of uptake of labeled amino acid per 10 mg of wet weight of tissue (WWt), or in terms of the ratio (I/O) of total radioactivity between tissue water (TW) and final incubating fluid:
I/O = cpmn/ml TW cpm/ml incubating fluid' In these calculations it has been assumed that tissue water comprises 80% of the wet weight of mucosal tissue (10) .
Results
Uptake of selected C14-labeled amino acids and S35-L-cystine by duodenal mucosa from noncystinuric human subjects. The average mucosal uptake of the seven labeled amino acids used in these experiments has been listed in Table I . The average values for the uptake of S35-L-cystine and the C14-labeled basic amino acids are also presented in Table II Table I , the mean mucosal uptake of C14-L-arginine, C14-DLleucine, C14-phenylalanine, and C14-DL-cystine was considerably greater than that of C14-L-lysine, C14-DL-ornithine, and S35-L-cystine. (Tables  I and III) .
Uptake of C"4-labeled amino acids and S35-Lcystine by duodenal mucosa from patients with cystinuria. The average and range of uptake of C"4-L-arginine, C'4-L-lysine, C14-DL-ornithine, and S35-L-cystine by duodenal mucosa from each cystinuric patient have been listed in Table II . The mean mucosal uptake of each amino acid studied has been compared with the corresponding values obtained in noncystinuric controls in Table I . Although the average mucosal uptake of C14-DL-leucine, C14-L-phenylalanine (one value), and C14-DLcystine was quite similar in the two groups, the uptake of the remaining amino acids (C14-L-arginine, C14-L-lysine, C14-DL-ornithine, and S35-L-CYStine) by duodenal mucosa from cystinuric subjects was much lower than that noted in noncystinuric controls (Tables I and II) . Indeed, the uptake of these four amino acids was quite comparable to the values obtained when normal mucosa was incubated in the presence of potassium cyanide, 10-2 M (Tables II and III) . The average I/O ratio for S35-L-cystine and C14-basic amino acids in patients with cystinuria was uniformly less than 1.0 (Table II) . On the other hand, the I/O ratios for C14-DL-leucine (11.88 6.25), C'4-L-phenylalanine (10.54), and C14-DLcystine (9.17 7.95) did not differ significantly between the two groups.
Discussion
The in vitro experiments described demonstrate that duodenal mucosa from patients with cystinuria contains a defective uptake system for S85_ L-cystine, C14-L-arginine, C14-L-lysine, and C14-DLornithine. The results of previous amino acid clearance studies in patients with this genetic disorder (1, 5, 6, 11, 12 ) and the present finding of similar average mucosal uptake values in both cystinuric and noncystinuric subjects for C14-DL-leucine and C14-L-phenylalanine suggest that this intestinal defect may be largely restricted to these four amino acids. Although the exact nature of (13) have demonstrated that C14-L-arginine, C14-L-lysine, and C14-DL-ornithine may be transported across the small intestinal wall against a chemical concentration gradient. Neil (14) has independently indicated that L-Cystine may also be transferred from mucosal to serosal bathing fluid against a concentration gradient. The possibility that these four amino acids may at least partially share a common intestinal transport system similar to that suggested for kidney has been supported by the observation (13) that the net intestinal transport of C04-L-lysine is inhibited by the addition of L-cystine or L-arginine to mucosal bathing fluid. Additional and more convincing evidence in support of this hypothesis may be obtained from the present demonstration of a markedly diminished intestinal uptake of S35-L-cystine, C14-L-arginine, C14-L-lysine, and C14-DL-ornithine in patients with the genetic disorder, cystinuria.
The probable existence of an active mucosal uptake system in noncystinuric subjects for each of the amino acids utilized in the present experiments is indicated by the demonstration of considerably more total radioactivity in mucosal tissue water than in surrounding incubating fluid after a 30-minute period of incubation. As previously mentioned, the I/O ratios listed are almost certainly lower than the ratios that actually existed betwen intestinal epithelial cells and incubating fluid, since epithelial cell mass represented only a fraction of total mucosal tissue used in these experiments. The present analytical procedures estimated radioactivity rather than the actual concentration of free amino acid, however, and the possibility that a portion of the measured radioactivity represented metabolites of the amino acids cannot be excluded. Despite uncertainty regarding the degree to which the extracted amino acids may be metabolized, it seems unlikely that the observed radioactivity ratios (average, 4.7 to 11.7) can be explained entirely on the basis of metabolic transformation. Previous studies (15) in the rat have demonstrated that at least 50% of the lysine and ornithine taken up by intestinal tissue from incubating fluid can be recovered as free lysine and ornithine in tissue homogenates. This degree of metabolism would not be of sufficient magnitude to reduce the free amino acid radioactivity ratios to values of 1.0. Thus, at the present time, it would seem most reasonable to suggest that intestinal mucosa from normal human subjects contains a system that is capable of transporting cystine, lysine, arginine, ornithine, leucine,' and phenyalanine into an intestinal epithelial cell against a chemical concentration gradient. If so, a concentration gradient from epithelial cell to submucosal capillary might well be established that would be appropriate for the subsequent diffusion of these various amino acids into venous plasma.
The finding that the total radioactivity ratios between mucosal tissue water and incubating fluid were less than 1.0 in the two patients with cystinuria definitely establishes the presence of an abnormal uptake system for C14-L-cystine, C14-Larginine, C14-L-lysine, and C14-DL-ornithine. The magnitude of this defect is perhaps best illustrated by the observation that uptake values comparable to those obtained in patients with cystinuria were noted when mucosal specimens from normal human subjects were incubated in the presence of cyanide, 10-2 M. At first glance, these findings might suggest the complete absence of an active transport system for these four amino acids in patients with cystinuria. However, as mentioned previously, the observed radioactivity ratios between tissue water and incubating fluid are probably considerably lower than those actually present between intestinal epithelial cells and surrounding fluid. Therefore, the presence of a rudimentary active uptake system for cystine and basic amino acids within the proximal small intestine of cystinuric subjects cannot be excluded. That certain of these amino acids must be at least partially absorbed in vivo is clearly evident from the loading experiments described earlier (8) .
In contrast to the overt differences of S55-L-CYStine uptake between cystinuric and noncystinuric patients, the average mucosal uptake of C14-DLcystine was quite similar in the two groups. This finding was certainly unanticipated and is difficult to explain. Several factors of possible significance must be considered. First, the specific activities of the D-and L-isomers of C"4-cystine were vastly different. Although each comprised approximately 50%o of the total radioactivity (120,000 cpm) in the incubating fluid, the final concentration of D-cystine was 10-11 M, whereas L-cystine was 10-4 M. Second, as previously emphasized, the present measurements do not reflect the extent of metabolic transformation of labeled amino acid by the mucosal cell. The degree of metabolism might vary considerably at different amino acid concentrations. Third, there was considerably more variability in the uptake of C"4-DL-cystine in patients with cystinuria than in noncystinuric controls. Although the considerations listed above preclude a final explanation for this observation, the presence of an active intestinal uptake system for C14-D-cystine, which is relatively spared in patients with cystinuria, must be considered as a possibility. That C14-D-cystine may be concentrated by duodenal mucosa in noncystinuric subjects is perhaps suggested by the observation that the mucosal uptake of S35-L-cystine was only about one-half of that observed with C14-DL-cystine. Since the specific activity of the D-iSomer was much greater than that of L-cystine, an active transport system for C14-D-cystine might be apparent from radioactivity measurements even if its capacity was extremely limited. Although not entirely comparable, previous studies (14) in the rat have failed to demonstrate the presence of an active intestinal transport system for D-cystine. The present interpretation of the C14-DL-cystine. experiments is also difficult to reconcile with the finding of a significantly lower mucosal uptake of C14-DL-ornithine in patients with cystinuria. It is apparent that additional studies are needed before it may be assumed that an active intestinal uptake system for C14-D-cystine may normally exist and be selectively uninvolved in cystinuria.
The clinical significance of the present observations must obviously remain speculative. Colliss, Levi, and Milne (16) have suggested that the diminished absorption of the essential amino acid lysine might be responsible for the somewhat reduced height of patients with cystinuria. The observation that patients with chronic disease exhibit significantly less mucosal uptake of C'4-Larginine than do young healthy student volunteers deserves further evaluation, since this finding might also be of importance particularly if other amino acids are subsequently shown to be involved. That this consideration may be more applicable to patients with intestinal disorders is perhaps suggested by the fact that diarrhea was the major complaint of three of the four patients in the chronic disease group (see Appendix). Finally, if the present in vitro data reflect the degree of, depression of L-cystine absorption in vivo, it would seem unreasonable to expect the development of, therapeutically important inhibitors of cystine absorption. Summary 1) The uptake of C14-L-arginine, C14-L-lysine, C14-DL-ornithine, S85-L-cystine, C14-DL-leucine, C14-L-phenylalanine, and C14-DL-cystine by duodenal mucosa from two cystinuric patients and eleven noncystinuric controls has been determined.
2) Duodenal mucosa from noncystinuric subjects was found to concentrate each of the labeled amino acids used in these experiments. For all labeled amino acids, the average radioactivity ratios between mucosal tissue water and tissue incubating fluid ranged between 4.7 and 11.7.
3) The uptake of' C14-L-arginine, C14-L-lysine, C14-DL-ornithine, and S35-L-cystine by duodenal mucosa from cystinuric patients was consistently lower than corresponding values obtained in noncystinuric controls. For these amino acids, the average radioactivity ratio between mucosal tissue water and incubating fluid at the end of the experiment was uniformly less than 1.0. In contrast, the average mucosal uptake and radioactivity ratios for C14-DL-leucine, C14-L-phenylalanine, and C14-DL-cystine did not differ significantly between the two groups.
4) These experiments demonstrate clearly the presence of a selective defect of intracellular amino acid accumulation by intestinal mucosa of patients with cystinuria. They also indicate that intestinal epithelial cells from normal human subjects may accumulate arginine, lysine, cystine, ornithine, leucine, and phenylalanine against a concentration gradient.
Appendix
Cystinuria. The first subject (G. G.) was a 46-yearold white male who became symptomatic at age 26 when a left nephrectomy was necessitated because of hydronephrosis and renal stones. Since then, he has had intermittent bouts of renal colic and hematuria. 'On two occasions stones (composed almost entirely of cystine) have been removed from the right kidney. During the present studies, laboratory investigations disclosed normal hematological values, a blood urea nitrogen (BUN) of 25 mg per 100 ml, and an inulin clearance of 31 ml per minute. Measurement of the 24-hour excretion rate of free amino acids demonstrated the presence of excessive amounts of cystine (1,304 mg), lysine (568 mg), and arginine (469 mg). The second subject (J. M.) was a 54-year-old white male who began having episodes of renal colic at age 23. Subsequently, he has had a right nephrectomy for "pyelonephrosis" and at least two other surgical procedures for removal of cystine stones from the left kidney. Laboratory data obtained during the course of the present investigation included a normal hemogram and urinalysis, a BUN of 29%, and an inulin clearance of 52 ml per minute. As in the first subject, abnormal 24-hour excretion values for cystine (1,035 mg), lysine (158 mg), ornithine (259 mg), and arginine (273 mg) were obtained.
Noncystinuric hospitalized patients. 1) M. A., 30 years, white, female: diagnosis, diabetes mellitus, "diabetic diarrhea"; 2) J. S., 19 years, Negro, female: diagnosis, sarcoidosis involving uveal tract and hilar lymph nodes; 3) C. A., 62 years, white, male: diagnosis, diarrhea of undetermined origin; and 4) W. C., 57 years, white, male: diagnosis, postgastrectomy malnutrition with diarrhea.
Addendum
Since submission of this manuscript, a defect in the uptake of C14-L-lysine and S35-L-cystine by intestinal mucosa obtained from cystinuric patients has been reported by Thier, Fox, Segal, and Rosenberg (17) . In addition, L-lysine and L-cystine were found to be mutually inhibitory in studies performed with intestinal mucosa from normal subjects.
